We synthesized a block copolymer composed of dextran and methoxy poly(ethylene glycol) (mPEG). To accomplish this, the end group of dextran was modified by reductive amination. The aminated dextran (Dextran-NH 2 ) showed the intrinsic peaks of both dextran at 3∼5.5 ppm and hexamethylene diamine at 1∼2.6 ppm at 1 H nuclear magnetic resonance (NMR) spectrum. The amino end group of dextran was conjugated with mPEG to make the block copolymer consisting of dextran/mPEG (abbreviated as DexPEG). The synthesized aminated dextran and DexPEG were characterized using 1 H NMR and gel permeation chromatography (GPC). The molecular weight and conjugation yield were estimated by comparing the intensity ratio of the proton peaks of the glucose molecule (4.9 ppm and 3.3∼4.0 ppm) to that of the ethylene group of mPEG (3.7 ppm). Abundant hydroxyl group in the dextran chain can be used as a source of bioactive agent conjugation.
Introduction
Dextran is a colloidal and hydrophilic macromolecule. Since dextran has immunoneutrality, it has been extensively used in the biomedical field and drug delivery applications [1] [2] [3] [4] [5] [6] [7] . Especially, dextran is known to be one of the most useful mediators for the conjugation of bioactive agents in targeted drug delivery systems [4, 6] . Since dextran is degradable in the colon by the colonic enzyme, it is considered to be one of the most important materials for colonic drug targeting [4] . Sugahara et al. [5] reported that carboxymethyl dextran conjugated anticancer agents significantly suppressed tumor growth in the animal tumor xenograft model. Furthermore, dextran is known to be taken up in the intestinal tract in a specific manner [7] . Pérez et al. [8] reported that catalaseconjugated dextran increases the enzymatic activity and bioavailability.
The modification of dextran itself was also reported by numerous researchers to enhance its value as a biomaterial [9] [10] [11] [12] [13] . Van Dijk-Wolthuis et al. [9] reported the use of glycidyl methacrylate derivatized dextran for biomedical applications. Hydrogel or nanoparticles of dextran-PEG macromer were reported to be useful vehicles for protein or anticancer drugs [10, 11] . Rutot et al. [12] reported an amphiphilic copolymer composed of poly(caprolactone) and dextran. Furthermore, we previously reported that dextran-block-poly(DL-lactide-co-glycolide) (PLGA) copolymer has amphiphilic properties and it can form core-shell type nanoparticles for anticancer drug delivery [13] .
In this study, we synthesized and characterized an mPEG/dextran (DexPEG) block copolymer. Even though Hernandez et al. [14, 15] previously reported an mPEG/dextran block copolymer, no detailed characterization of it was performed. Proton NMR and GPC were used for the characterization of the DexPEG block copolymer.
Materials and Methods

Materials.
Dextran from Leuconostoc mesenteroides (molecular weight: 18,000 g/mol) was purchased from Sigma Chem. Co. (St. Louis, USA). Sodium cyanoborohydride was purchased from Fluka. Co. USA. Hexamethylene diamine (HMDA) was purchased from Aldrich Chemical Co. USA. Methoxy poly(ethylene glycol) N-hydroxy succinimide (mPEG-NHS, M.W. = 2,000 g/mol) was purchased from SunBio Co. Korea. Dialysis membrane with a molecular weight cutoff (MWCO) of 8,000 g/mol was purchased from Spectra/Pro Membranes. Dichloromethane (DCM) and dimethyl sulfoxide (DMSO) were of HPLC grade and used without further purification.
Synthesis of mPEG/Dextran (DexPEG) Block
Copolymer. Aminated dextran: 180 mg of dextran was dissolved in DMSO. To this solution, sodium cyanoborohydride and HDMA were added. This mixture was stirred for 24 h at room temperature. After that, 10 equivalents of HMDA was added to the above dextran solution and then the mixture was further stirred for 24 h at room temperature. This solution was dialyzed against deionized water using dialysis membrane (MWCO: 8,000 g/mol) for 3 days and lyophilized for 3 days. Dextran-HMDA conjugates were used as an aminated dextran, and HMDA at the end of dextran chain was confirmed by 1H NMR spectroscopy.
DexPEG block copolymer: aminated dextran was dissolved in DMSO and 1.5 equivalents of mPEG-NHS was added to the above dextran solution. This mixture was further stirred for 24 h at room temperature. After that, the resulting solution was introduced into a dialysis tube (MWCO: 8,000 g/mol) and dialyzed against a large amount of deionized water for 2 days. Water was exchanged every 2 h to remove the organic solvent and unreacted mPEG-NHS. To remove remaining unreacted mPEG, resulting solid was precipitated into chloroform and then filtered. This purification step was repeated three times and dried in vacuum for 3 days. A white solid product was obtained by the lyophilization of this solution for 3 days.
1 H Nuclear Magnetic Resonance Spectroscopy (NMR)
Measurement. The 1 H NMR spectra of the copolymers were measured in DMSO or D 2 O using a 400 MHz NMR spectrometer (Varian 400 MHz NMR).
Gel Permeation Chromatography (GPC).
The absolute molecular weight and MW distribution, represented by the polydispersity index (PD), of the DexPEG block copolymer were measured using a GPC equipped with a multiangle laser light scattering detector (GPC-MALLS, 18 angle detector, Wyatt, USA) and column for water soluble polymer (OHpak SB-803HQ, Wyatt, USA). The samples were dissolved in 0.5 M ammonium acetate buffer (pH 5.5) at more than 5 different concentrations ranging from 0 to 1.0 mg/mL, and the change in the reflective index (dn/dc) was measured by means of a Pot-LAB reflectometer (Wyatt, USA). Then, the absolute MW and MW distribution of the DexPEG copolymer were obtained from the GPC chromatogram with the light scattering data (Debye plot regressions). The mobile phase was 0.5 M ammonium acetate buffer (pH 5.5), and the flow rate was 0.5 mL/min. The injection volume was 0.2 mL (10 mg/mL). The standard used for the determination of the MW of the copolymer was poly(ethylene glycol) (PEG).
Results and Discussion
Block copolymers have been extensively used for drug delivery applications due to their unique structure. Normally, block copolymers composed of hydrophilic and hydrophobic domains can form polymeric micelles in an aqueous environment; that is, the hydrophobic block can form the inner-core of the polymeric micelle, while the hydrophilic block forms its outershell [16] . Block copolymers composed of dextran and other polymers have also been reported. Pérez et al. [8] reported the improved pharmacokinetic properties of catalase-conjugated dextran. The catalase-conjugated dextran has similar architecture to block copolymer. Especially, the plasma half-life of their dextran-catalase conjugates was significantly increased. Bosker et al. [17] reported the synthesis of polystyrene-polysaccharide block copolymers. They also synthesized a dextran-polystyrene block copolymer, in which dextran is regarded as the hydrophilic domain and polystyrene as the hydrophobic domain.
We synthesized a block copolymer composed of dextran/mPEG and characterized it with proton NMR and GPC. Since both dextran and mPEG have a hydrophilic nature, the DexPEG block copolymer must be freely soluble in aqueous solution. However, a large amount of hydroxyl functional groups exists in the dextran domain and this functional group can provide a useful source of chemical conjugation or ion complexation with bioactive agents [4-6, 14, 15] . For example, functional moieties such as carboxyl group or amine group can be introduced into a hydroxyl group of dextran and these functional group can be used as a source of conjugation with bioactive agents [14, 15] . Hernandez et al. synthesized block copolymers composed of carboxymethyl dextran (CM dextran) and mPEG [14] . They reported the pH-responsive assembly of a double hydrophilic block copolymer of CM dextran and PEG. Furthermore, they reported that block copolymer composed of CM dextran and mPEG is able to form polyionic micelles with hydrophilic cationic drug and to use as a drug delivery vehicle [15] . Ichinose et al. reported that CM dextran-cisplatin conjugates showed a significantly higher antitumor activity than cisplatin alone [6] . Therefore, the dextran domain can act as a drug-incorporation site and has biodegradable properties in the human body. For example, the conjugation of hydrophobic drugs to the hydroxyl group of dextran may endow it with a hydrophobic nature and the resulting dextran-drug conjugate domain may act as a hydrophobic domain. Kim et al. [18] previously reported the formation of a polymeric micelle between mPEG-grafted chitosan and all-trans retinoic acid. Since they used watersoluble chitosan and their mPEG-grafted chitosan is a fully water-soluble copolymer, the polymer itself does not form a polymer micelle; that is, polymer micelles were only formed by ion-complex formation between chitosan and all-trans retinoic acid.
To synthesize the block copolymer, the end group of dextran was modified by reductive amination using sodium cyanoborohydride and HMDA, as shown in Figure 1 . Since dextran itself did not have active site for conjugation with mPEG, the reductive end of dextran was modified to have amine group. Amine end group of dextran has several advantages. For example, the amine group of polymers can be easily conjugated with carboxylic acid by aid of carbodiimide chemistry and formed peptide bond. Furthermore, we already reported the successive synthesis of block copolymer composed of dextran and poly(DL-lactide-coglycolide) (PLGA) by using reductive amination of dextran [13] . To prevent dextran-dextran conjugation by reductive amination, an excess amount of HMDA was added and the aminated dextran was purified by a dialysis procedure. The aminated dextran was characterized using proton NMR as shown in Figure 2 . As shown in Figure 2 , dextran has intrinsic peaks at 3∼5 ppm while HMDA has intrinsic peaks at 1.0∼1.5.
HMDA was attached to the end of dextran through reductive amination. The unreacted HMDA was removed by a dialysis method against distilled water. As shown in Figure 2 , the aminated dextran (Dextran-NH 2 ) showed the intrinsic peaks of both dextran at 3∼5.5 ppm and HMDA at 1∼2.6 ppm. Since almost all of the protons at the 1 position of dextran can be assumed to be similar before and after their conjugation with HMDA, the ratio of the peak intensity of the protons at the 1 position of dextran to that of HMDA was determined and used to estimate the M.W. and conjugation yield. The conjugation yield was greater than 99% at the end of dextran. As shown in Table 1 , the average M.W. of the aminated dextran was slightly higher than that of dextran, even though the difference in their M.W. 's did not exactly reflect the M.W. of HMDA. These results clearly indicated that HMDA was successfully conjugated to the end of dextran.
To prepare the block copolymer, mPEG-NHS was attached to the amino end group of dextran, as shown in Figure 3 . An excess amount of mPEG-NHS was reacted with the aminated dextran. The intrinsic peaks of dextran-NH 2 at 1∼5.5 ppm and PEG-NHS at 1∼4.5 ppm were defined, as shown in Figure 4 . The DexPEG block copolymer showed the intrinsic peaks of both mPEG and dextran. These results indicate that mPEG was successfully attached to the end of dextran. The molecular weight and conjugation yield were estimated from the proton NMR results. As shown in Figure 4 , the sum of the peak intensity values of the protons at the 1 position of the glucose repeating unit can be assumed to be theoretically similar to those of both dextran-NH 2 and the DexPEG block copolymer. Even though the other proton peaks of the glucose molecule of dextran and the ethylene proton of mPEG are difficult to separate, the ratio of the peak intensity of the protons at the 1 position of the glucose molecule to that of the protons at 3.3∼4.2 ppm changed before and after mPEG conjugation. From these changes of the proton peak intensities, the yield for the conjugation of mPEG to the end of dextran can be estimated. The calculated molecular weight and conjugation yield are summarized in Table 1 . As shown in Table 1 , the conjugation yield was about 84.8% and the M.W. was increased compared to that of dextran-NH 2 . As shown in Figure 5 , GPC chromatograms showed the changes in the M.W. 's of the polymers; that is, the DexPEG block copolymer revealed a decreased retention time compared to that of dextran and it showed single peaks. MPEG-NHS showed single peaks at 29 min. Since no mPEG peaks were observed with the DexPEG peaks, it can be inferred that no unreacted mPEG remained in the conjugates. These results indicate that the DexPEG block copolymer was successfully synthesized by this procedure. Bosker et al. [17] reported that their attempts to couple long dextran (M.W. > 6,000 Da) were not successful. In spite of the fact that we used a longer dextran (weight average M.W. = 16,950 at Table 1) , we were successful. Many trials have been reported to synthesize block copolymers composed of polysaccharide and PEG [14, 15, 17, [19] [20] [21] . For example, block copolymer composed of mPEG and chitosan can be synthesized by free radical polymerization using potassium per sulfate as an initiator [19] [20] [21] . The yield of block copolymers was significantly controlled by 6 Journal of Chemistry initiator concentration and reaction temperature [20] . Furthermore, Kong et al. reported the self-assembly formation of mPEG-chitosan block copolymer [21] . Novoa-Carballal and Müller firstly synthesized mPEG-polysaccharide block copolymers by oxime click chemistry [22] . They successfully attached mPEG to the end of polysaccharide such as dextran, chitosan, and hyaluronic acid using oxime click reaction. However, oxime bond in the conjugates is labile at acidic pH. Nanoparticles of mPEG-chitosan and/or lipophilic polymer were also reported for the delivery of anticancer drugs [23, 24] . Previously, we reported that hyaluronic acid-PLGA (HAbLG) block copolymer was successively synthesized and self-assembled nanoparticles were fabricated for targeting of CD44 receptor of cancer cells [25] .
In this report, we precisely synthesized/characterized block copolymer composed of dextran and mPEG by reductive amination of dextran with high yield. Since the hydroxyl functional group is abundant in the dextran domain, the DexPEG block copolymer will be a good candidate for use as a drug delivery vehicle.
Conclusions
DexPEG block copolymer was synthesized with aminated dextran and mPEG-NHS. The aminated dextran was prepared by reductive amination and showed the intrinsic peaks of both dextran at 3∼5.5 ppm and hexamethylene diamine at 1∼2.6 ppm in the 1 H NMR analysis. MPEG-NHS was attached to the amine end group of the aminated dextran and the synthesized block copolymer was characterized using 1 H NMR and GPC. The M.W. and conjugation yield were estimated by comparing the intensity ratio of the proton peak of the glucose molecule (4.9 ppm and 3.3∼4.0 ppm) to that of the ethylene group of PEG (3.7 ppm).
